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The influence of uncertainties in biokinetic parameters for ammonia and nitrite oxidizing bacteria on the
performance of a two-step nitrification model was evaluated using the Generalized Uncertainty Esti-
mation (GLUE) technique. The predictive capability of behavioral simulations generated using GLUE was
assessed utilizing data from experiments comparing nitrification in the presence and absence of two
pharmaceuticals — atenolol or sotalol. Results suggest that GLUE cannot account for model structural
error arising when ammonia oxidation is competitively inhibited. Use of a competitive inhibition model
for ammonia oxidation (i.e., correction of the model structural error), however, enables GLUE to generate

i‘z{i‘:‘;:tr:ds' sludge meaningful uncertainty intervals. While GLUE is used in the present study, other uncertainty analysis
Inhibition techniques are likely to be similarly unable to account for model structural errors. Thus, results from this
Pharmaceutical study emphasize the importance of model selection for efficacious uncertainty analysis. The behavioral
Ammonia simulations generated using GLUE based on application of the correct model was subsequently used to
Elasticity evaluate the sensitivity of transformation coefficients employed to describe the cometabolism of atenolol

Structural error by ammonia oxidizing bacteria (AOB). Sensitivity was assessed by computing nonparametric elasticities

of the cometabolism transformation coefficients to biokinetic parameters selected to describe nitrifica-
tion in a novel application of a generalized nonparametric analysis. Results suggest that the AOB-growth
related transformation coefficient of atenolol is relatively insensitive to variation in ammonia and nitrite
oxidizing biokinetic parameters. In contrast, the non-growth related transformation coefficient
describing atenolol cometabolism appears to be sensitive to the specific growth rate of AOB. Elasticities
are used to assess whether estimates of atenolol-AOB cometabolic biodegradation coefficients from lab-
scale experiments could be used more generally. This novel application of elasticities to biological
wastewater process modeling suggests that seasonal temperature variations may be an important factor
in pharmaceutical biodegradation during biological wastewater treatment.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction 20 components and 54 parameters. While some parameters are

easily transferable from one system to another, application of the

The unified activated sludge model (ASM) framework has been
extensively used for wastewater treatment process modeling since
its development by the International Water Association task group
(Henze et al., 2000). One of the reasons for the success of the ASM
framework is its adaptability — the framework allows new de-
scriptions of processes to be easily incorporated into the model
structure, albeit at the expense of simplicity. The original ASM1
model had eight processes, thirteen components and nineteen
parameters (Henze et al., 1987). In comparison, a recent updated
model proposed by Hiatt and Grady (2008) relies on 18 processes,
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ASM model typically requires a significant number of assumptions
related to biokinetics (e.g., maximum specific growth rates and half
saturation values) and wastewater composition (e.g., COD frac-
tionation). Understanding the uncertainty and sensitivity related to
these assumptions is critical for the meaningful application of ASM
in complex dynamic biological systems (Rieger et al., 2013). Both
confidence intervals (associated with uncertainties in model pa-
rameters) and prediction intervals (which further incorporate
model error) are important considerations when using ASM in
wastewater treatment process design. Yet, industrial process sim-
ulators, as well as many research studies using aspects of the ASM
framework found in these simulators, do not adequately account
for uncertainties in model inputs (Belia et al., 2009). Important
exceptions to this generalization include recent studies which
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employ Monte Carlo (MC) analyses (Flores-Alsina et al., 2008;
Benedetti et al., 2011), couple MC analyses with Global Sensitivity
Analyses (Flores-Alsina et al. (2012) and apply the Generalized
Likelihood Uncertainty Estimation (GLUE) technique (Mannina
et al,, 2010, 2011, 2012).

GLUE was developed over 20 years ago for hydrologic modeling
problems by Beven and Binley (1992) as an extension to the
Generalized Sensitivity Analysis method (Hornberger and Spear,
1981). It has since been extensively used in a wide range of envi-
ronmental science and engineering applications including
modeling fate of emerging pollutants (Vezzaro et al., 2012; Vezzaro
and Mikkelsen, 2012) and wastewater treatment processes (Sin
et al., 2005; Di Bella et al., 2008; Mannina et al., 2010; Mannina
et al,, 2012; Cosenza et al., 2013). Critical to the use of GLUE is the
concept of equifinality. Equifinality acknowledges that many
different model parameter combinations can result in plausible
model outcomes (Beven and Binley, 1992; Freer et al., 1996; Beven
and Freer, 2001). The attractiveness of the GLUE technique lies in its
ease of application, coupled with the claim that there is no need for
assumptions related to the probability distribution of the residuals.
Furthermore, Beven and Binley (1992) suggest that use of GLUE
comprehensively reflects all sources of error including that arising
from: (i) model selection (i.e., model structural error); (ii) param-
eter uncertainty; and (iii) model calibration (i.e., model error). Use
of the GLUE technique, however, has been severely criticized. For
example, Stedinger et al. (2008), argue that use of GLUE without a
formal specification of the probability distribution of model error
will in general, lead to results not suitable for scientific work. They
further argue against implementation of a user-selected behavioral
threshold on the basis that this selection is arbitrary and is not
necessary when a formal likelihood function is used within a
Bayesian context. Formal likelihood functions, however, can be
difficult to develop for models describing complex processes, and
for this reason are often replaced with informal (i.e., arbitrary)
likelihood functions based upon goodness-of-fit metrics (e.g., Freer
et al., 1996).

While GLUE has been extensively used and examined within the
hydrology community, its application in biological process
modeling is relatively recent (e.g., Mannina et al., 2010, 2011, 2012).
Scrutiny of its applicability for uncertainty analysis in biological
process modeling remains limited. Such an examination is needed
given that the use of GLUE within industrial process models may
hold potential for communicating uncertainty in model outputs.
Notably absent from the literature is an evaluation of the influence
of model selection (model structural error) on uncertainty and
sensitivity analysis outcomes when using GLUE to generate confi-
dence intervals associated with fitted models. Assessing the influ-
ence of model selection is a particularly important area of research
when applying GLUE with ASM given the flexibility of the ASM
model framework to readily incorporate new or updated models.
Many researchers contend that GLUE produces uncertainty in-
tervals for model predictions which account for model structural
error among other things (e.g., Beven and Binley, 1992; Beven and
Freer, 2001; Beven et al., 2008; Vrugt et al, 2009). This is,
perhaps, best evidenced by the Beven and Freer (2001) claim that
“Any effects of model nonlinearity, covariation of parameter values
and errors in model structure, input data or observed variable,
which the simulations are compared, are handled implicitly within
this procedure’’. However, research specifically designed to rigor-
ously evaluate this claim demonstrates that GLUE is unable to
produce reasonable uncertainty intervals when applied with ill-
posed models or with large unknown errors (Mantovan and
Todini, 2006; Stedinger et al., 2008; Renard et al., 2010). Thus,
model structural error create a serious impediment to efficacious
model uncertainty analyses (Liu and Gupta, 2007; Tian et al., 2014).

The importance of using a correctly defined model when con-
ducting uncertainty analysis is not unique to applications of GLUE.
Model structural errors are generally the most poorly understood
and the most difficult errors to address; nevertheless, the influence
of structural errors on model predictions can be far more detri-
mental than the influence of the errors associated with parameters
or data (Carrera and Neuman, 1986; Abramowitz et al., 2006; Liu
and Gupta, 2007). Our study aims to explore the influence of
model structural error on uncertainty intervals derived from GLUE.
The conclusions we reach concerning GLUE should apply to other
uncertainty methods in the sense that we are not aware of any
uncertainty methods which can meaningfully incorporate the in-
fluence of model structural error. Thus, our results related to
coupling GLUE with ASM, may also help clarify the importance of
mitigating model structural error within the context of both model
uncertainty analysis and parameter sensitivity analysis.

The primary objective of this paper is to assess the effectiveness
of GLUE in capturing uncertainties associated with assumed bio-
kinetic parameters when using ASM modules that may also contain
model structural errors. Focus is placed on a subset of the complete
ASM framework describing nitrification using a two-step model
and a new process that describes cometabolic pharmaceutical
(PhAC) degradation by ammonia oxidizing bacteria (AOB). Uncer-
tainty analyses build upon experimental data and mathematical
models developed when evaluating the biodegradation of selected
beta blockers during nitrification (Sathyamoorthy et al., 2013).
Importantly, the selected experimental data sets provide an op-
portunity to evaluate the uncertainty intervals developed by
applying GLUE. Thus, the research reported herein offers an
important step toward considering uncertainty in industrial pro-
cess model simulators based on the ASM framework (e.g., GPSx,
Biowin, SIMBA, etc.). Moreover, should GLUE provide meaningful
insights for these experiments, it could be applied with ASM to
quantify uncertainty in complex biological systems.

2. Materials and methods
2.1. Description of experiments

The experimental data and mathematical model which form the base of the
uncertainty evaluation described herein are detailed in Sathyamoorthy et al. (2013).
In brief, batch experiments were conducted and modeled using the ASM framework
to evaluate pharmaceutical degradation by a nitrification enrichment culture.
Nitrification control experiments — reactors to which no pharmaceutical was
added — were conducted in parallel using the same biomass seed as those reactors
exposed to the pharmaceutical. These control reactors, therefore, provide an op-
portunity to independently assess the initial biomass concentrations of AOB and
nitrite oxidizing bacteria (NOB) as is further explained below. The experimental
matrix contained a second type of control — one in which ammonia oxidation was
inhibited. These reactors therefore provide an opportunity to independently assess
the role of heterotrophs in degrading the selected pharmaceuticals. Samples were
collected from each reactor over the course of 25 h and analyzed for ammonia, ni-
trite, nitrate, and pharmaceutical concentrations (Sathyamoorthy et al., 2013).

2.2. Application of GLUE for uncertainty analysis of nitrification process modeling

The GLUE technique relies on the output of numerous MC simulations each
conducted with input parameters selected at random from a particular distribution
(uniform distributions of model input parameters are most commonly used). Model
outputs are used to determine a value of the likelihood function, which is then
compared to an arbitrarily selected threshold value. Simulations producing a like-
lihood function below the threshold are termed non-behavioral and discarded from
future consideration, while those simulations producing a likelihood function
greater than the threshold are termed behavioral, and retained to generate confi-
dence intervals associated with behavioral models (Beven and Binley, 1992). Note
that our study, like many others, found that the model errors exhibit an extremely
complex stochastic structure including serial correlation, heteroscedasticity and
nonnormality. For this reason, similar to hundreds of other studies using GLUE, we
elected to employ GLUE with an informal likelihood function. As has been shown by
others, such an informal statistical analysis cannot, in general, be expected to pro-
duce uncertainty intervals for model output which enclose observed data, even if
the correct model structure is known a priori (Stedinger et al., 2008). While we do
not advocate the routine use of GLUE with an informal likelihood function (due to
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the lack of rigorous statistical support of this type of approach, see Mantovan and
Todini, 2006; Stedinger et al., 2008), it is acknowledged that others suggest that
this is acceptable (see summary in Beven et al., 2000) and many adopt the informal
likelihood approach in application (e.g., Mannina et al., 2010, 2011; Vezzaro and
Mikkelsen, 2012). Within this context, our experiments provide an important and
relevant opportunity to explicitly examine the role of model structural error when
attempting to generate meaningful uncertainty intervals for simulations of
ammonia oxidation in the presence of emerging contaminants.

In this research, 2000 Monte Carlo (MC) simulations were used with the
application of GLUE. The decision to employ 2000 MC simulations represents a
balance between computational overhead and maximizing coverage of the param-
eter space as analyses conducted with 500 and 1000 MC simulations provided
statistically similar results to those obtained using the 2000 simulations (Mann
Whitney p > 0.05). AOB and NOB biokinetic parameters for each of the 2000 MC
simulations were randomly selected using a Latin hypercube sampling method
(McKay et al., 1979) from uniform distributions that span the range of literature
values (see Fig. 1). These randomly selected nitrification biokinetic parameters were
then used to fit initial biomass concentrations of AOB (Xaop,t0) and NOB (Xnog,0) in a
two-step nitrification model shown in Fig. 1 (Chandran and Smets, 2000; Hiatt and
Grady, 2008) by minimizing the sum of square errors (SSE) between measured and
predicted values of ammonia-nitrogen (Sny), nitrite-nitrogen (Sno2) and nitrate-
nitrogen (Snos) concentrations in the nitrification control reactor. Fits of Xaogto
and Xnopto were constrained between 1 and the COD equivalent of the measured
reactor VSS concentration.

Goodness-of-fit metrics used for the informal likelihood function have typically
been based on the sum of square residuals or the ratio of the sum of square residuals
to the variance of the observed data (i.e., the Nash Sutcliffe Efficiency, NSE) (Beven
and Binley, 1992; Freer et al., 1996; Mannina et al., 2011). In this research the like-
lihood function (Ly) for each Monte Carlo simulation was determined by equally
weighting the NSE for Sny, Sno2 and Syos for the model description of nitrification

(Eq. (1))
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for the experimental data:

ag S = variance of the measured values of Syy;
ag Svr = variance of the measured values of Syo3;
ag Svos = variance of the measured values of Syos.

Each of the 2000 Ly values are compared with the behavioral threshold
(Lm,gev) in order to determine which simulations are behavioral and thus retained
for the uncertainty analysis. As Beven and Binley (1992) and others have noted,
the selection of Ly gy is inherently subjective. However, the development of an
Ly based upon NSE permits us to select a Ly ggy that is consistent with good
model performance (e.g., NSE > 0.70, as recommended by McCuen et al., 2006;
Moriasi et al., 2007). This criterion effectively ensures that the production of
uncertainty intervals is based upon meaningful models which mimic important
properties of the observations. Following rejection of the non-behavioral simu-
lations, Ly values for the behavioral simulations are rescaled to produce Ly yp-
pateD such that > Ly uppatep = 1. The resulting behavioral simulations are sorted
on the basis of Ly uppatep and desired quantiles are selected. Uncertainty in-
tervals are then developed by identifying those parameter sets that correspond to
the 5th and 95th percentile values of Ly upparep for the nitrification control
reactors.

2.3. Parameter sensitivity analyses

In addition to using GLUE for evaluating uncertainty intervals for model pre-
dictions, we also introduce and employ a novel sensitivity analysis technique that
uses a nonparametric method to calculate parameter elasticity. Elasticity is a mea-
sure of the fractional change in an output variable given a fractional change in an
input variable. While popular in economics, elasticity coefficients have been used in
fields ranging from hydrology (Sankarasubramanian et al., 2001; Chiew, 2006) to
biochemistry and metabolic engineering (Fell, 1992). Most approaches to estimation
of elasticity are parametric, in the sense that they require several assumptions to
enable their estimation. In contrast, our approach to estimation of elasticity co-
efficients is nonparametric because the method does not require any assumptions
related to the form of the model structure. Rather, the method only uses the chain
rule of differentiation.

Focus is placed on the atenolol data set as atenolol was the only beta blocker
evaluated in our experiments that was observed to degrade during ammonia
oxidation (Sathyamoorthy et al., 2013). Biodegradation of atenolol is described using
a cometabolic process-based (CPB) model developed in Sathyamoorthy et al. (2013).
Briefly, the CPB model (Eq. (2)) is based upon the integrated cometabolic biodeg-
radation model proposed by Criddle (1993), and includes three biodegradation
processes for atenolol (i) cometabolic biodegradation linked to AOB growth (ii)
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Fig. 1. Summary of the two step model utilized in this research to describe nitrification. Shown in the upper box are the five process equations describing the net production rates of
ammonia (Sy), AOB, nitrite (Syo2), NOB and nitrate (Syos) during nitrification. Shown in the bottom boxes are the range of the AOB and NOB model parameters used in the 2000 Monte
Carlo simulations (Chandran et al., 2008; Jones et al., 2007; Kampschreur et al., 2007; Manser et al., 2005; Marsili-Libelli et al., 2001; Munz et al., 2010, Munz et al., 2011; Sin et al., 2008).
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biodegradation by AOB in the absence of growth; and (iii) biodegradation due to
heterotrophs (HET) present in the mixed culture.

ds(f;N = —{[{[Tatn_n0BKAOB] + [KATN-AOB]}XA0B] + [{@ATN-HET }XHET]}SATN (2)

where Tarn_aos is the atenolol transformation coefficient linked to AOB growth
[L®Mcdpl; paos is the specific AOB growth rate [T~']; karn_aop is a biomass
normalized degradation rate coefficient for atenolol in the absence of AOB growth
[L>McdpT'1; Xaog is the AOB concentration [MgopL™']; aatn_ner [L*McdpT '] is the
biomass normalized degradation rate coefficient for atenolol by heterotrophic
bacteria; Xygr is the concentration of heterotrophs [MgopL~!] which is assumed to
be constant over the short duration of experiments (see Xygr modeling section in
Supplementary Information (SI)); and, Sarn is concentration of atenolol [MATNL’3].

Simulations related to Eq. (2) were conducted by first evaluating aatn_Her- XHET
was reported to be 13 mg-COD L~ and held constant while aary_per Was fit to the
data set in which ammonia oxidation was inhibited (Sathyamoorthy et al., 2013). It
should be noted here that this produces a singular value of aarn_per as none of the
biokinetic parameters varied in the MC analysis are active when ammonia oxidation
is inhibited. Each nitrification biokinetic parameter set producing a behavior
simulation for the nitrification control reactor are employed with aapn_per and Xyer
to determine best fit values for Tarn_aos and katn_aos (i.e., by minimizing the SSE
between measured and predicted Sary in the reactors containing atenolol). Uncer-
tainty intervals for atenolol biodegradation are subsequently determined using a
protocol identical to that described for the nitrification process with the likelihood
function shown as Eq. (3).

1 UgAk 1 ”gBk
Ly-atn(6k[Yi) = [j <1 3 )} + [§ (1 N ﬂ (3)
0.A oB

where Ug.A.k and agy&k are the variance of the residuals from the replicate experi-
ments A and B for a particular simulation k, and ¢2 , and ¢2 ; are the variances of the
Sarn values measured in each of the replicate experiments. Behavioral simulations
are selected as described above using a selected threshold level (as noted above this
threshold tied to NSE and selected to be greater than 0.70). Only the behavioral
simulations are used in the subsequent parameter sensitivity analyses.

Parameter sensitivity is assessed by quantifying and comparing elasticity co-
efficients (&) (Louca, 2007). An elasticity coefficient ex)y is defined as shown in Eq. (4)
and represents the percentage change in the model output y corresponding to one
percent change in a particular model parameter x.

oY,
ey = # (4)

In this research, we have used a dimensionless formulation for elasticity
(Sankarasubramanian et al, 2001) and estimate elasticity coefficients about the
mean value of the behavioral simulations. A detailed derivation of the dimensionless
elasticity formulation is provided in the SI. In brief, the total derivative of the model
output (dy) was calculated through application of the chain rule utilizing the partial
derivative of the model output relative to each model parameter. Due to the nature
of the total derivative, this procedure produces a linear relationship between the
fractional change in model output and the fractional change in each of the model
parameters regardless of the relationship between Y and X. Therefore, no assump-
tions are required about the underlying form of the model as is normally necessary
when estimating elasticities. In the case of the CPB model the resulting relationship
between the fractional change in a model output (i.e., Tarn_a0B OF karn—_aos) and
fractional changes in each of the biokinetic parameters and elasticities is given by:

. . . .
Y+ = Eunaxnon /Y HMAX.AOB + Ebaos/YDAOB + €K/ Y KNH + Eunnxnos /Y HMAX NOB
. .
+ Ebyon /Y DNOB + EKvor /Y KNOD (5)

Here the fractional change in the model output is relative to the mean value
determined from the behavioral simulations (Y*). Asterisks in Eq. (5) indicate that
quantity is a ratio of the deviation from the mean value to the mean value (see Eq. (6)
for an example using upax aos, and Sl for additional details).

t _ (#MAX,AOB,i — FEMAX,AOB)
HMMAXAOBi =~ — (6)
HMAX,AOB

The coefficient for each predictor in Eq. (5) are the elasticities, which may be
now estimated using multivariate ordinary least-squares (OLS) regression. Recall
that the linear structure here results from the chain rule derivation (see SI) and our
definition of elasticity (Eq. (4)). It should be noted that other definitions of elasticity
may be used which lead to estimation methods which depend on particular model
formulations such as a log-log and log-linear models which are used widely to es-
timate elasticities in economics (Wooldridge, 2008). Another important advantage
of our elasticity estimation method is that it results in confidence intervals and
hypothesis tests concerning the elasticity estimates as discussed in Section 3.2.

3. Results and discussion
3.1. Monte Carlo analyses and GLUE implementation

3.1.1. Nitrification in absence of pharmaceuticals

Data from two nitrification control experiments were employed
herein — those from the control during biodegradation experi-
ments conducted with atenolol (denoted here as set I), and those
from the control during biodegradation experiments conducted
with sotalol (denoted here as set II). Recall that these control ex-
periments were used to assess nitrification kinetics in the absence
of the pharmaceutical as part of an experimental matrix designed
to examine the degradation of atenolol or sotalol. It is in this way
that these two sets of data provide an insight into how the mi-
crobial community in the nitrification enrichment culture was
functioning over time, as the data sets were developed 60 days
apart.

1994 and 1987 of the 2000 simulations for data sets I and II,
respectively, result in Ly > 0. Values of Ly < 0 suggests that a given
set of model parameters results in behavior uncharacteristic of the
system and therefore these parameter sets are discarded from
further consideration (Beven and Binley, 1992; Chin, 2009). Note
that only a small fraction of the total simulations are discarded (i.e.,
0.3% and 0.7%, respectively). There is no statistically significant
correlation between the posterior distributions of parameters var-
ied in the MC simulations for either data set I (atenolol) or II
(sotalol). We also confirmed there is no statistically significant
correlation between the parameters and their resulting values of Ly
(see Tables S-1 and S-2 in SI). The positive Ly values (1994) for data
set | are tightly clustered between 0.91 and 0.99; all but one of the
Ly values are greater than 0.91. The median value of Ly for these
simulations is 0.96, and the 25th and 75th percentile values are
0.95 and 0.97, respectively. Interestingly, simulations for data set II
all produce Ly < 0.90. The 1987 positive Ly values for data set II
range from 0.13 to 0.85. The median value of Ly, is 0.84, and the 25th
and 75th percentile values are 0.83 and 0.85, respectively. These
metrics suggest that while there are some parameter sets that
produce low values of Ly for set II, most simulations are tightly
clustered around the median value of 0.84. Recall that the experi-
ments in sets I and Il were conducted 60 days apart. We hypothe-
size that the differences in the distribution of Ly; values for data sets
I and Il may relate to dynamics in the microbial community of the
biomass source that were not revealed by the qPCR characteriza-
tion employed in Sathyamoorthy et al. (2013). Simulations for the
nitrification control experiments suggest that the two step nitrifi-
cation model and a range of biokinetic parameters provide
reasonable descriptions of the measured concentrations of nitrogen
species.

As noted previously the selection of the behavioral threshold is
inherently subjective and is unnecessary when one uses a Bayesian
approach to GLUE (Mantovan and Todini, 2006; Stedinger et al.,
2008). This suggests that modelers must often compromise be-
tween the competing demands of retaining the maximum number
of simulations and improving the perceived quality of these sim-
ulations through goodness-of-fit metrics. To consider the influence
of the behavioral threshold on the number of simulations retained
when using GLUE, Ly gey was varied between 0.70 and 1.00 for sets [
and II (Fig. 2). Selection of Lyigev = 0.70, based on the generally
accepted criteria for NSE, results in 1993 and 1980 behavioral
simulations (Nggy.siv) for data sets I and II, respectively. In fact, for
0.70 < Lmpev < 0.95 the difference in Npgysiv is one (i.e.,
1993 > Npgn.siv > 1992). It is only when Ly gey exceeds 0.95 that the
number of behavior simulations decreases substantially with
increasing Ly gey. For set II, Nggyspv remains the same (i.e., 1980)
over the range 0.70 < Lypey < 0.82, but begins to decrease
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Fig. 2. Reduction in the number of behavioral simulations as a function of the selected
behavioral threshold (Ly gen) for data sets I and II. Selected Ly gen of 0.80 is shown as
the vertical line.

substantially if Lyigey exceeds 0.82. These results suggest that
Lmpev = 0.82 produces a similar interpretation of uncertainty to
that produced using Lypey = 0.70 in these nitrification control
reactors. The results also demonstrate that a criterion of
Lmpev = 0.80, rather than 0.70, may be a more meaningful repre-
sentation of model performance since Ly, is tied back to NSE and
larger NSEs indicate better model performance. Thus, we elect to
use Ly gev = 0.80 throughout the remaining analyses as this is
indicative of good model performance while preserving diversity in
the parameter sets (i.e., 1993 and 1980 behavioral simulations for
data set I and II, respectively). It is important to note that the
evaluation of Ly gev described here is specific to the Sathyamoorthy
et al. (2013) data sets and should not be interpreted as a more
general criteria. In fact, the analysis highlights the subjective nature
of the behavioral threshold when utilizing GLUE.

Shown in Fig. 3 are the best fit estimates for Xaop 0 and Xnog to
produced using the behavioral MC simulations for data sets I and II.
Estimates of the AOB and NOB biomass concentrations (and ratios)

Quantile  X,op Xnoe  Xnoe/Xaos
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obtained in the behavioral simulations are compared to those ob-
tained from quantitative real time polymerase chain reaction
(gPCR) in Sathyamoorthy et al. (2013). Interestingly in both ex-
periments, the qPCR values for Xaop fall in the range of 80th to 90th
percentile, while the values for Xyop are at the 55th percentile. It
should be noted here that order-of-magnitude variability in
biomass concentrations obtained using qPCR is commonly
acknowledged (Harms et al., 2003; Ahn et al., 2008).

3.1.2. Nitrification in presence of pharmaceuticals

Parameter sets that produced behavioral simulations
(Lmev = 0.80) in the nitrification controls (i.e., in the absence of
pharmaceutical) were employed to generate 5th and 95th uncer-
tainty intervals for the predictions of ammonia oxidation when
either atenolol or sotalol was present at 15 pg/L (Fig. 4). We refer to
these behavioral simulations as the base case (no inhibition) model.
For sotalol the uncertainty intervals generated using this informal
GLUE approach are shown to generally enclose the measured
concentrations of ammonia. Results for atenolol are more compli-
cated. Here the uncertainty bands generated using the informal
GLUE approach well enclose the ammonia data so long as ammonia
concentrations remain high (i.e., substantially greater than Kj).
However, as ammonia concentrations decrease the measured
concentrations fall ever increasingly outside of the uncertainty
intervals generated for these model predictions (Fig. 4, base case).
Thus, there appears to be errors that are unaccounted for in the case
of atenolol model predictions. We know from our laboratory ex-
periments that atenolol (unlike sotalol) competitively inhibits
ammonia oxidation (Sathyamoorthy et al., 2013). Thus the inability
of GLUE to generate meaningful uncertainty intervals over the
range of ammonia concentrations most strongly influenced by the
inhibition suggests model error may be the source of the additional
error. This observation has important practical significance, since
many biological treatment processes are conducted in reactors
having relatively low ammonia concentrations (i.e., CSTRs designed
for nutrient management).

We explored the influence of model error by reassessing the
nitrification data from the atenolol experiments with an AOB
growth rate that accounts for competitive inhibition as shown in
Eq. (7) (Bailey and Ollis, 1986).

Quantile  Xaos  Xnos  Xnos/Xaos

T
XpaoB XNoB XNOB Xa0B

5th 5th 14 o) 0.09
50th 29 15 0.51 50th 24 10 0.39
N 95th 99 68 2.44 95th 85 44 2.05
o
-y i i
§ 100 . 100 .
Em ] 3 )
§8 10 10 1 .
g i B
O o
— —
g3 T
2 0.1 1 0.1 1 T
o
5
E Set I: Atenolol (N = 1,993) Set 11I: Sotalol (N = 1,980)
A 001 : ‘ 0.01 : ;

T
Xa0B XNOB XNOB Xp0B

Fig. 3. Biomass concentrations and ratios estimated from the behavioral MC simulations for data sets I (left) and II (right). Estimated biomass concentrations using qPCR from
Sathyamoorthy et al. (2013) are shown for comparison to the estimates from the behavioral simulations. Provided in the overlying tables are 5th, 50th and 95th percentile values of

each concentration and ratio.
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Fig. 4. Uncertainty intervals generated using GLUE for ammonia concentrations during ammonia oxidation in the presence of atenolol (left) and sotalol (right). Uncertainty intervals
were obtained using GLUE with the base case (no inhibition, black) and competitive inhibition models (red). Also shown are the measured ammonia concentrations for each
experimental replicate. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

SNH
K (1 + K[..;\S'l'}l\\;r—,\IAOB) + SNH

TGXpop = | HMAX,AOB XaoB (7)

Note the use of Eq. (7) introduces a new parameter, Kiarn—aoB
that cannot be independently evaluated using the data sets of
Sathyamoorthy et al. (2013). Thus, Kjarn must be fit to the nitrifi-
cation data of the replicate atenolol experiments. Fitting Kjarn in
the competitive inhibition growth equation for AOB (Eq. (7)) en-
ables development of uncertainty intervals based on the fitted
competitive inhibition model. Thus, our approach here is to
compare the 5th and 95th percentile uncertainty intervals pro-
duced using behavioral simulations when implementing the
competitive inhibition model with those produced from the
behavioral simulations when the base-case model (i.e., no inhibi-
tion model) is implemented. If model structural errors are
accounted for by GLUE as is often the claim (e.g., Beven and Freer,
2001), the uncertainty intervals for these models should be similar.

We assess the uncertainty in models resulting from use of the
competitive-inhibition hypothesis using the modified likelihood
function (Ly2) in GLUE. Ly is based upon equally weighting the
two replicate reactors (A and B) when considering Sny, Sno2, and
Sno3 as shown in Eq. (8).

2
g .
Lai2 (0k|Yie) = 0.5 o (1 _ ez,A,z.k>]
i ao,A,i
0'2 .
+ 05 (1= -SP) | i = S Snoz. Sos
i 90,B,i

(8)

Here o is the variance of the residuals and o, is the variance of
the measured values. The NSE values of each of the nitrogen species
are equally weighted (i.e., w; = 1/3). The subscripts A and B refer to
each of the experimental replicates. The behavioral threshold for
the likelihood function utilized in this analysis (Eq. (8)) is denoted
Lvzsev, and set to 0.80 to be consistent with the analysis in the
absence of the pharmaceutical (section 3.1.1). The efficacy of the
base-case and competitive-inhibition models in describing the
measured concentrations of nitrogen species over the course of the
experiments are compared using the small-sample Akaike Infor-
mation Criteria (AICc, Eq. (9)) (Akaike, 1973, 1974; Burnham and
Anderson, 2002).

AlCc = [nln(%) +2K} +% 9)

Here n is the sample size, SSE is the sum of square errors, K is the
number of estimated model parameters which includes the num-
ber of fitted model parameters (P) and one model variance
parameter (i.e.,, K = P + 1). AIC. ranks the ability of competing
models to explain the data after imposing a penalty for inclusion of
additional model parameters and simultaneously provides a trade-
off between bias and variance (Hurvich and Tsai, 1991). AIC¢ values
are not bounded and the model producing the lowest AICc value is
chosen. An AlCc difference of greater than 10 suggests that the
worse model (with the higher AIC¢) is not supported by the data
(Burnham and Anderson, 2002).

Implementation of the competitive inhibition model lowers the
AIC¢ for the behavioral simulations suggesting that the data sup-
port the use of the competitive inhibition model over the base-case
(no-inhibition) model (Table 1). These reductions in AICc specif-
ically result from better simulation of the ammonia data (see SSE
and AlCc for Syy in Table 1, and Fig. 4). Competitive inhibition of
ammonia oxidation results in an increase in the effective half
saturation coefficient by the ratio of the atenolol concentration
(Sarn) to the inhibition coefficient (Kjatn) (see Eq. (8)). As shown in
Fig. 4, the uncertainty intervals determined using GLUE with the
competitive inhibition model enclose the full range of measured
concentrations of ammonia, as they should when the model is
correctly specified. Thus, in this instance, use of GLUE (i.e., with an
accurate model of ammonia oxidation) appears to be an effective

Table 1

Comparison of GLUE likelihood function Ly, and goodness of fit metrics when using
a Monod model for AOB growth (no inhibition) versus competitive inhibition model
for the combined data sets from experimental reactors with atenolol.

Metric Quantile No inhibition Competitive inhibition

NpeH.sim 1993 1970

Metrics with all measured nitrogen species (Snu, Sno2, Sno3)

Lva 5th 0.79 0.82
50th 0.81 0.84
95th 0.85 0.86

SSE 5th 30.39 19.29
50th 31.32 20.55
95th 32.11 23.04

AlCc 5th 12.86 4.87
50th 13.59 6.38
95th 14.18 9.13

Metrics with only ammonia-N (Sny)

SSE 5th 11.06 5.68
50th 11.40 6.13
95th 11.56 7.13

AlCc 5th -11.39 —24.48
50th -10.68 —22.65
95th -10.33 -19.04
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tool to generate uncertainty bounds. Collectively, these results
highlight the importance of accurate model selection when using
GLUE for uncertainty analysis.

3.2. Parameter sensitivity analysis

Tatn—pos and karn_aop are estimated in each of the 1970
behavioral simulations obtained using the competitive-inhibition
model. All of these simulations are also behavioral when consid-
ering Lyi_phac as all Ly_phac values are greater than 0.95. The high
values of Ly;_pnac indicate the simulations using CPB are extremely
good representations of the PhAC data. Values of Tarn_aop and
karn_aoB are weakly correlated with each other (R = 0.33). The
ranges of these parameters are 63.8 < TatN_aoB < 74.8 L.g—COD‘1
and 5.6 < katn_aos < 52.7 Lg-cOD~ 1 d~1.

Shown in Table 2 are the elasticity estimates for Tarn_aoB,
karn—aoB and Kjarn—aop based on the parameter sets and estimates
in the 1970 behavioral simulations. All estimated elasticities ob-
tained are statistically significant at the 0.05-level, unless other-
wise noted. Significance levels for these elasticity estimates are
based on the well-known t-tests associated with multivariate linear
regression, another attractive feature and benefit of our nonpara-
metric elasticity estimation method. Also provided for each
parameter is the standard error and percentage of the model sum of
square errors attributable to its elasticity. The goodness of fit of
each of the elasticity models is indicated using the NSE, in lieu of
the coefficient of determination (R%), as these are no-intercept
models, in which case, R? lacks meaning. Model residuals associ-
ated with Eq. (5) were found to be well approximated by a homo-
scedastic normal distribution.

The high values of NSE suggest that the total derivative defined
in Eq. (S2) effectively captures the parameters contributing to the
variation in Tatn—aoB, katn—aoB and Kjatn-aos. In fact, variances in
TATN—AOB: kATN—AOB and KI,ATN—AOB are nearly explained by the AOB
biokinetic parameters alone (see %model SSEs in Table 2), sug-
gesting NOB biokinetic parameters contribute little sensitivity to
these parameters. This is not surprising as Tarn_aos, KatN_aos and
Kiarn-aoB all relate to ammonia oxidation, not nitrite oxidation.

The elasticities shown in Table 2 suggest that small deviations in
Tatn-aoB (coefficient of variation of Tarn_aos = 3%) are primarily
linked to deviations in baop through a weak inverse relationship
(€bags/Tam sos = —0-06). Tarn_a0B, however, is sensitive the AOB net
growth rate (i.e., all three AOB growth parameters) which corre-
sponds to the physical interpretation of Tarn_aop as representing
atenolol cometabolism during AOB growth. In contrast, deviations
in  katn-aop  appear related to deviations in  upmaxAoB
(€ _non—kaminos = 0-95). We hypothesize that the sensitivity of
katn-aoB 1O wmax aop Tesults from the fact karn-aos controls the
model fit after ammonia oxidation is complete. That is, higher
uMax.aop Tesults in faster completion of ammonia oxidation, and

Table 2

consequently greater influence of karn-aos. Deviations in the AOB
growth inhibition coefficient (Kjarn-a0B) are well explained by de-
viations in Kny (ekyy—Kamnos = 0-92, see Table 2) given that Kjarn-
aog effectively increases Kny (Eq. (7)). While this may appear to
suggest there is a less pronounced inhibitory effect for larger values
of Kny, it is important to recognize that the range of Kjarn-aos
values reported here is similar to the range of environmentally
relevant concentrations of atenolol (<10 pg L™1).

4. Conclusions and implications

The application of GLUE using an informal likelihood function
for constructing uncertainty intervals associated with model sim-
ulations of nitrification has been evaluated in this research. Our
findings suggest that uncertainty intervals based on GLUE for
nitrification models, in cases where parameter uncertainty is the
primary source of errors, appear to satisfactorily encompass
experimental data and in this instance provide a good estimate of
the uncertainty resulting from parameter uncertainty alone.
However, where model structural errors may arise due to inhibi-
tion, GLUE cannot produce uncertainty intervals large enough to
explain variations in model output which we have observed. These
results strongly suggest that where an inappropriate model basis is
used to develop uncertainty intervals, GLUE, used as prescribed, is
incapable of producing meaningful estimates of model uncertainty.
We consider this to be a particularly important finding as GLUE
continues to gain popularity in the wastewater treatment process
modeling community. Epistemic uncertainty due a range of factors
including changing influent quality or potential influx of inhibitory
pollutants, are commonplace in wastewater treatment plants.
Therefore, from the perspective of wastewater treatment process
modeling, our results suggest that caution should be exercised
when using GLUE with an informal likelihood function to develop
uncertainty intervals pertaining to the effectiveness of treatment.

It is worth reiterating that the development of a formal likeli-
hood function for this analysis was made impracticable by the
complexity observed in the stochastic structure of the model re-
siduals. This is very often the case for models describing complex
phenomena (Liu and Gupta, 2007). Thus, our analysis cannot and
does not reflect the full uncertainty associated with particular
model output (Stedinger et al., 2008). The use of an informal like-
lihood function cannot produce prediction intervals which accu-
rately enclose future model predictions. While it may continue to
be common practice to use GLUE without a formal likelihood
function, we recommend that future research more fully evaluate
the structure of model residuals. Such research may result in ap-
proximations of a formal likelihood function that support devel-
opment of meaningful prediction intervals using GLUE.

The multivariate elasticity approach introduced to assess model
sensitivity is based on the chain rule which results in a multivariate

Elasticity coefficients (¢;) of biokinetic parameters for atenolol biodegradation parameters using estimated values from 1970 behavioral simulations employing the competitive

inhibition model for AOB growth.

Elasticity Values (with Standard Errors); Model NSE
% of Model Sum of Square Errors Explained by Each Elasticity Term
Eumax-AoB Ebop Eknn Eumax-NoB Ebnos €Knoa

TrATN_AOB 0.030 (0.000) —0.056 (0.000) 0.020 (0.000) 0.000 (0.000) —0.001 (0.000) —0.009 (0.000) 0.991
20.6% 64.5% 12.2% 0% 0% 2.6%

Kxtn_noB 0.945 (0.001) 0.090 (0.002) —-0.108 (0.001) N/A (p > 0.05) N/A (p > 0.05) 0.006 (0.001) 0.995
97.1% 0.8% 1.6% 0%

K Atn_A0B —0.010 (0.002) 0.013 (0.002) 0.924 (0.001) —0.006 (0.001) 0.005 (0.001) 0.072 (0.001) 0.996
0.1% 0% 98.8% 0% 0% 0.7%
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Fig. 5. Influence of wastewater temperature on the biodegradation of atenolol. Variation of kinetic parameters (left) and rate of cometabolic biodegradation by AOB (right). The rate
plot assumes 1 pg/L atenolol, though it should be noted that atenolol concentration only influences the variation in rate through AOB inhibition.

linear model, regardless of the form of the original model of in-
terest. Thus our approach enables the use of multivariate linear
regression for estimation of model parameter elasticities (sensi-
tivity) along with statistical inference such as confidence intervals
and hypothesis tests. This method is unique because it can handle
multivariate elasticities, yet it is completely nonparametric in the
sense that it does not require any model assumptions (see SI) for its
derivation and/or use. Results from the sensitivity analysis suggest
that the cometabolic transformation coefficient for atenolol
biodegradation linked to AOB growth is relatively inelastic to AOB
biokinetics. On the other hand, the non-growth related trans-
formation coefficient is elastic. Quantification of these elasticities
has important implications for understanding PhAC biodegradation
by AOB in WWTPs. Principally, it allows utilization of lab-derived
biodegradation coefficients when attempting to characterize
PhAC biodegradation in full-scale systems. As an example, we
consider here the influence of 10 °C fluctuation in water tempera-
ture (e.g., seasonal variation) on the degradation of atenolol by AOB
in a WWTP. We estimated the variation in Tarn_aoB, katn_aos and
Kiatn—aoB using AOB and NOB biokinetics and the temperature
dependencies proposed by Manser et al. (2006) and Kaelin et al.
(2009) (see Table S-3 in SI). The analysis suggests that Tarn_aoB
and Kiarn-aop are insensitive to temperature (Fig. 5, left). In
contrast, karn_aop varies significantly over the 10 °C range in
temperature. The variation in karn_aog With temperature is a direct
result of the variation in umax aop in this scenario. The influence of
this variation in karn_aog is shown by considering the change in the
rate of cometabolism (due to temperature effects) relative to the
mean rate of cometabolism for this range in temperature. This
metric is shown in Fig. 5 (right) for conditions indicative of WWTPs
that produce: (a) near complete nitrification (Syg = 0.01 mg-N/L);
and, (b) a near incomplete nitrification (Syy = 10 mg-N/L). In both
cases the atenolol concentration is assumed to be 1 pg/L, although
this only influences the variation in the rate through the inhibition
of AOB. This simplified analysis suggests that changes in tempera-
ture may result in large variations to the rate of atenolol comet-
abolism by AOB (Fig. 5, right). Interestingly, the degree of
nitrification has minimal influence on variations in atenolol
degradation due to temperature changes. Future research is war-
ranted to assess these model based findings through laboratory
experiments. Thus, the ability to maintain nitrification will only
impart substantial variations in the rate of cometabolism when AOB
biomass concentrations begin to fluctuate (which is not accounted

for in these simplified simulations). To our knowledge this is the
first evaluation of temperature related sensitivity of PhAC biodeg-
radation in biological wastewater treatment processes. It is
important to recall that elasticities developed herein are specific to
the range of parameter values utilized in the MC simulations. While
the selected parameter ranges utilized in the MC simulations are
representative of most nitrification processes (see Fig. 1), care
should be taken to reassess elasticities for outlying biokinetic
behavior observed in a natural or engineered process.

Acknowledgments

Partial support was provided by the Massachusetts Water Re-
sources Research Center under grant number 2011MA291B. Addi-
tional support was provided by Tufts University in the form of
Faculty Research Awards Committee grant to C.A.R, and a Graduate
Student Award to S.S. We are also grateful to three anonymous
reviewers who helped improve this manuscript. Any opinions,
findings, and conclusions or recommendations expressed in this
material are those of the authors and do not necessarily reflect the
views of the sponsors.

Appendix A. Supplementary material

Supplementary material related to this article can be found at
http://dx.doi.org/10.1016/j.envsoft.2014.06.006.

References

Abramowitz, G., Gupta, H., Pitman, A., Wang, Y.P., Leuning, R., Cleugh, H., Hsu, K.L.,
2006. Neural error regression diagnosis (NERD): a tool for model bias identi-
fication and prognostic data assimilation. J. Hydrometeorol. 7 (1), 160—177.

Ahn, J.H,, Yu, R., Chandran, K., 2008. Distinctive microbial ecology and biokinetics of
autotrophic ammonia and nitrite oxidation in a partial nitrification bioreactor.
Biotechnol. Bioeng. 100 (6), 1078—1087.

Akaike, H., 1973. In: Csaki, F, Petrov, B.N. (Eds.), Information Theory and an
Extension of the Maximum Likelihood Principle. Akademiai Kiado, Budapest,
Hungary, pp. 267—281.

Akaike, H., 1974. A new look at the statistical model identification. IEEE Trans.
Automat. Control 19 (6), 716—723.

Bailey, J.E., Ollis, D.F., 1986. Biochemical Engineering Fundamentals. McGraw-Hill.

Belia, E., Amerlinck, Y., Benedetti, L., Johnson, B., Sin, G., Vanrolleghem, P.A.
Gernaey, K.V,, Gillot, S., Neumann, M.B., Rieger, L., Shaw, A., Villez, K., 2009.
Wastewater treatment modelling: dealing with uncertainties. Water Sci.
Technol. 60 (8), 1929—1941.


http://dx.doi.org/10.1016/j.envsoft.2014.06.006
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref1
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref1
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref1
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref1
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref2
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref2
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref2
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref2
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref3
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref3
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref3
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref3
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref3
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref4
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref4
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref4
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref5
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref6
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref6
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref6
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref6
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref6

S. Sathyamoorthy et al. / Environmental Modelling & Software 60 (2014) 219—227 227

Benedetti, L., Claeys, F., Nopens, I., Vanrolleghem, P.A., 2011. Assessing the conver-
gence of LHS Monte Carlo simulations of wastewater treatment models. Water
Sci. Technol. 63 (10), 2219—2224.

Beven, K., Binley, A., 1992. The future of distributed models — model calibration and
uncertainty prediction. Hydrol. Process 6 (3), 279—298.

Beven, K., Freer, J., Hankin, B., Schulz, K., 2000. The use of generalized likelihood
measures for uncertainty estimation in high-order models of environmental
systems. In: Fitzgerald, WJ., Smith, R.L, Walden, AT, Young, P.C. (Eds.),
Nonlinear and Nonstationary Signal Processing. Cambridge Univ. Press, Cam-
bridge, UK, pp. 115—151.

Beven, K., Freer, J., 2001. Equifinality, data assimilation, and uncertainty estimation
in mechanistic modelling of complex environmental systems using the GLUE
methodology. J. Hydrol. 249, 11-29.

Beven, KJ., Smith, PJ., Freer, J., 2008. So just why would a modeller choose to be
incoherent? J. Hydrol 354 (1—4), 15—32.

Burnham, K.P,, Anderson, D.R., 2002. Model Selection and Multimodel Inference: A
Practical Information-theoretic Approach. Springer-Verlag, New York.

Carrera, J., Neuman, S.P,, 1986. Estimation of aquifer parameters under transient and
steady-state conditions 3. Application to synthetic and field data. Water Resour.
Res. 22 (2), 228—242.

Chandran, K., Hu, Z.Q., Smets, B.F,, 2008. A critical comparison of extant batch
respirometric and substrate depletion assays for estimation of nitrification
biokinetics. Biotechnol. Bioeng. 101 (1), 62—72.

Chandran, K., Smets, B.F, 2000. Single-step nitrification models erroneously
describe batch ammonia oxidation profiles when nitrite oxidation becomes rate
limiting. Biotechnol. Bioeng. 68 (4), 396—406.

Chiew, FH.S., 2006. Estimation of rainfall elasticity of streamflow in Australia.
Hydrol. Sci. J. 51 (4), 613—625.

Chin, D.A., 2009. Predictive uncertainty in water-quality modeling. J. Environ. Eng.
ASCE 135 (12), 1315—-1325.

Cosenza, A., Mannina, G., Neumann, M.B., Viviani, G., Vanrolleghem, P.A., 2013.
Biological nitrogen and phosphorus removal in membrane bioreactors: model
development and parameter estimation. Bioproc. Biosyst. Eng. 36 (4), 499—514.

Criddle, C.S., 1993. The Kinetics of Cometabolism. Biotechnol. Bioeng. 41 (11),
1048—1056.

Di Bella, G., Mannina, G., Viviani, G., 2008. An integrated model for physical-
biological wastewater organic removal in a submerged membrane bioreactor:
model development and parameter estimation. J. Mem. Sci. 322 (1), 1-12.

Fell, D.A., 1992. Metabolic control analysis - a survey of its theoretical and experi-
mental development. Biochem. J. 286, 313—330.

Flores-Alsina, X., Corominas, L., Neumann, M.B., Vanrolleghem, P.A., 2012. Assessing
the use of activated sludge process design guidelines in wastewater treatment
plant projects: A methodology based on global sensitivity analysis. Environ.
Modell. Softw. 38, 50—58.

Flores-Alsina, X., Rodriguez-Roda, I, Sin, G., Gernaey, K.V., 2008. Multi-criteria
evaluation of wastewater treatment plant control strategies under uncertainty.
Water Res. 42 (17), 4485—4497.

Freer, J., Beven, K., Ambroise, B., 1996. Bayesian estimation of uncertainty in runoff
prediction and the value of data: an application of the GLUE approach. Water
Resour. Res. 32 (7), 2161-2173.

Harms, G., Layton, A.C., Dionisi, H.M., Gregory, LR., Garrett, V.M., Hawkins, S.A.,
Robinson, K.G., Sayler, G.S., 2003. Real-time PCR quantification of nitrifying
bacteria in a municipal wastewater treatment plant. Environ. Sci. Technol. 37
(2), 343-351.

Henze, M., Grady, C.P.L,, Gujer, W., Marais, G.V.R., Matsuo, T., 1987. A general model
for single-sludge wastewater treatment systems. Water Res. 21 (5), 505—515.

Henze, M., Gujer, W., Mino, T., Loosdrecht, M.V., 2000. Activated Sludge Models
ASM1, ASM2, ASM2d and ASM3. IWA Pub, London.

Hiatt, W.C., Grady, C.P.L., 2008. An updated process model for carbon oxidation,
nitrification, and denitrification. Water Environ. Res. 80 (11), 2145—2156.

Hornberger, G.M., Spear, R.C., 1981. An approach to the preliminary analysis of
environmental systems. J. Environ. Manage. 12 (1), 7—18.

Hurvich, C.M., Tsai, C.L., 1991. Bias of the corrected AIC criterion for underfitted
regression and time series models. Biometrika 78 (3), 499—509.

Jones, R.M,, Dold, P, Takacs, L., Chapman, K., Wett, B., Murthy, S., O'Shaughnessy, M.,
2007. Simulation for Operation and Control of Reject Water Treatment Pro-
cesses. Water Environment Federation, San Diego, CA.

Kaelin, D., Manser, R., Rieger, L., Eugster, ]J., Rottermann, K., Siegrist, H., 2009.
Extension of ASM3 for two-step nitrification and denitrification and its cali-
bration and validation with batch tests and pilot scale data. Water Res. 43 (6),
1680—1692.

Kampschreur, MJ., Picioreanu, C., Tan, N., Kleerebezem, R., Jetten, M.S.M., van
Loosdrecht, M.C.M., 2007. Unraveling the source of nitric oxide emission during
nitrification. Water Environ. Res. 79 (13), 2499—-2509.

Liu, Y.Q., Gupta, H.V,, 2007. Uncertainty in hydrologic modeling: toward an inte-
grated data assimilation framework. Water Resour. Res. 43 (7).

Louca, F, 2007. Years of High Econometrics. Routledge, London.

Mannina, G., Cosenza, A., Vanrolleghem, P.A., Viviani, G., 2011. A practical protocol
for calibration of nutrient removal wastewater treatment models.
J. Hydroinfrom. 13 (4), 575—595.

Mannina, G., Cosenza, A., Viviani, G., 2012. Uncertainty assessment of a model for
biological nitrogen and phosphorus removal: application to a large wastewater
treatment plant. Phys. Chem. Earth 42—44, 61-69.

Mannina, G., Di Bella, G., Viviani, G., 2010. Uncertainty assessment of a membrane
bioreactor model using the GLUE methodology. Biochem. Eng. J. 52 (2-3),
263—-275.

Manser, R., Gujer, W., Siegrist, H., 2005. Consequences of mass transfer effects on
the kinetics of nitrifiers. Water Res. 39 (19), 4633—4642.

Manser, R., Gujer, W., Siegrist, H., 2006. Decay processes of nitrifying bacteria in
biological wastewater treatment systems. Water Res. 40 (12), 2416—2426.
Mantovan, P., Todini, E., 2006. Hydrological forecasting uncertainty assessment:

incoherence of the GLUE methodology. ]J. Hydrol. 330 (1-2), 368—381.

Marsili-Libelli, Ratini P.,, Spagni, A., Bortone, G., 2001. Implementation, study and
calibration of a modified ASM2d for the simulation of SBR processes. Water Sci.
Technol. 43 (3), 69—76.

McCuen, R.H., Knight, Z., Cutter, A.G., 2006. Evaluation of the Nash-Sutcliffe effi-
ciency index. J. Hydrol. Eng. 11 (6), 597—602.

McKay, M.D., Beckman, RJ., Conover, W.J., 1979. A comparison of three methods for
selecting values of input variables in the analysis of output from a computer
code. Technometrics 21 (2), 239—245.

Moriasi, D.N., Arnold, ].G., Van Liew, M.\W., Bingner, R.L., Harmel, R.D., Veith, T.L.,
2007. Model evaluation guidelines for systematic quantification of accuracy in
watershed simulations. Trans. ASABE 50 (3), 885—900.

Munz, G., Lubello, C., Oleszkiewicz, J.A., 2011. Factors affecting the growth rates of
ammonium and nitrite oxidizing bacteria. Chemosphere 83 (5), 720—725.
Munz, G., Mori, G., Vannini, C., Lubello, C., 2010. Kinetic parameters and inhibition
response of ammonia- and nitrite-oxidizing bacteria in membrane bioreactors
and conventional activated sludge processes. Environ. Technol. 31 (14),

1557—1564.

Renard, B., Kavetski, D., Kuczera, G., Thyer, M., Franks, S.W., 2010. Understanding
predictive uncertainty in hydrologic modeling: the challenge of identifying
input and structural errors. Water Resour. Res. 46 (5), W05521.

Rieger, L., Gillot, S., Langergraber, G., Ohtsuki, T., Shaw, A., Takacs, 1., Winkler, S.,
2013. Guidelines for Using Activated Sludge Models. IWA Publishing, London.

Sankarasubramanian, A., Vogel, R.M., Limbrunner, J.F, 2001. Climate elasticity of
streamflow in the United States. Water Resour. Res. 37 (6), 1771—-1781.

Sathyamoorthy, S., Chandran, K., Ramsburg, A., 2013. Biodegradation and comet-
abolic modeling of selected beta blockers during ammonia oxidation. Environ.
Sci. Technol. 47 (22), 12835—12843.

Sin, G., Kaelin, D., Kampschreur, M.J., Takacs, 1., Wett, B., Gernaey, K.V., Rieger, L.,
Siegrist, H., van Loosdrecht, M.C.M., 2008. Modelling nitrite in wastewater
treatment systems: a discussion of different modelling concepts. Water Sci.
Technol. 58 (6), 1155—-1171.

Sin, G., Van Hulle, SSW.H., De Pauw, D.J.W., van Griensven, A., Vanrolleghem, P.A.,
2005. A critical comparison of systematic calibration protocols for activated
sludge models: a SWOT analysis. Water Res. 39 (12), 2459—2474.

Stedinger, J.R., Vogel, R.M.,, Lee, S.U., Batchelder, R., 2008. Appraisal of the gener-
alized likelihood uncertainty estimation (GLUE) method. Water Resour. Res. 44
(12), WOO0BO06.

Tian, Y., Booij, M.J,, Xu, Y.P,, 2014. Uncertainty in high and low flows due to model
structure and parameter errors. Stoch. Environ. Res. Risk A 28 (2), 319—332.

Vezzaro, L., Eriksson, E., Ledin, A., Mikkelsen, P.S., 2012. Quantification of uncer-
tainty in modelled partitioning and removal of heavy metals (Cu, Zn) in a
stormwater retention pond and a biofilter. Water Res. 46 (20), 6891—6903.

Vezzaro, L., Mikkelsen, P.S., 2012. Application of global sensitivity analysis and
uncertainty quantification in dynamic modelling of micropollutants in storm-
water runoff. Environ. Modell. Softw. 27—28, 40—51.

Vrugt, J.A,, ter Braak, CJ.F, Gupta, H.V., Robinson, B.A., 2009. Equifinality of formal
(DREAM) and informal (GLUE) Bayesian approaches in hydrologic modeling?
Stoch. Environ. Res. Risk A 23 (7), 1011-1026.

Wooldridge, ].M., 2008. Introductory Econometrics A Modern Approach. South-
Western Cengage Learning.


http://refhub.elsevier.com/S1364-8152(14)00171-6/sref7
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref7
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref7
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref7
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref8
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref8
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref8
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref8
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref9
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref9
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref9
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref9
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref9
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref9
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref10
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref10
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref10
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref10
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref11
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref11
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref11
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref11
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref12
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref12
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref13
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref13
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref13
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref13
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref14
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref14
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref14
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref14
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref15
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref15
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref15
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref15
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref16
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref16
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref16
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref17
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref17
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref17
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref18
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref18
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref18
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref18
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref19
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref19
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref19
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref20
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref20
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref20
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref20
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref22
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref22
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref22
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref23
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref23
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref23
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref23
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref23
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref24
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref24
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref24
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref24
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref25
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref25
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref25
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref25
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref26
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref26
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref26
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref26
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref26
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref27
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref27
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref27
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref28
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref28
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref29
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref29
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref29
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref30
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref30
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref30
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref31
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref31
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref31
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref32
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref32
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref32
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref33
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref33
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref33
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref33
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref33
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref34
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref34
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref34
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref34
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref36
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref36
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref37
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref38
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref38
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref38
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref38
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref39
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref39
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref39
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref39
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref39
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref40
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref40
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref40
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref40
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref40
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref41
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref41
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref41
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref42
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref42
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref42
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref43
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref43
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref43
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref43
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref44
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref44
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref44
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref44
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref45
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref45
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref45
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref46
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref46
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref46
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref46
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref47
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref47
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref47
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref47
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref48
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref48
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref48
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref49
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref49
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref49
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref49
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref49
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref50
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref50
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref50
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref51
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref51
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref52
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref52
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref52
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref53
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref53
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref53
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref53
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref54
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref54
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref54
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref54
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref54
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref55
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref55
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref55
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref55
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref56
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref56
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref56
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref57
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref57
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref57
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref58
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref58
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref58
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref58
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref59
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref59
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref59
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref59
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref59
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref60
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref60
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref60
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref60
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref62
http://refhub.elsevier.com/S1364-8152(14)00171-6/sref62

	Uncertainty and sensitivity analyses using GLUE when modeling inhibition and pharmaceutical cometabolism during nitrification
	1 Introduction
	2 Materials and methods
	2.1 Description of experiments
	2.2 Application of GLUE for uncertainty analysis of nitrification process modeling
	2.3 Parameter sensitivity analyses

	3 Results and discussion
	3.1 Monte Carlo analyses and GLUE implementation
	3.1.1 Nitrification in absence of pharmaceuticals
	3.1.2 Nitrification in presence of pharmaceuticals

	3.2 Parameter sensitivity analysis

	4 Conclusions and implications
	Acknowledgments
	Appendix A Supplementary material
	References


